Abstract-Diseases of lumbar spine and associated diseases of the intervertebral disc are a major focus of contemporary spinal care. Low back pain, in fact, is becoming in the recent years one of the most diffuse chronic pathologies. Ascribed to the prevalence of low back pain-mostly caused due to disc degeneration, and limitations of current treatments, arthroplasty has been propounded for replacing the degenerated disc. A three-dimensional finite element model (FEM) of the L3-L4 motion segment using ABAQUS v 6.9 has been developed. The 
I. INTRODUCTION
Disc degeneration is a natural procedure of ageing and is characterized by changes in the morphology and biochemistry of the disc. Degenerative changes in the disc may progress with aging in a roughly linear fashion. After disc degeneration (DD), changes in segmental flexibility are noted. These changes, in turn, affect the functioning of various other segmental structures [1] .
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dynamic stabilization device can be considered, while fusion and disc replacement will be used for severe cases [1] . Currently, spine procedures are aimed primarily at arthrodesis (fusion). The lumbar underbody fusion procedure is an effective and popular surgical technique for treating low back pain related to degenerative disc disease [2] . This procedure restores disc height, enlarges the steno tic foramen, stabilizes the spine, and provides mechanical strength between vertebrae [3] . However, it has been argued that various spinal fusions restrain motion at the surgical level. This local environmental change at the surgical level results in high stress at the adjacent disc levels and accelerates degeneration. Patients may need to undergo another surgery for extended fusion at the adjacent levels. Clinical studies have reported incidence rates ranging from 6% to 58% [3, 4] . Several reports have established that spinal fusion with pedicle fixation accelerates the degeneration of adjacent motion segments because the relative immobility of fused spinal segments transfers stress to adjacent segments [2] . Due to the limitations of current treatments for degenerative disc disease; arthroplastic methods to repair the diseased disc have been proposed [5] . Therefore, a non-fusion artificial disc was developed to solve the adjacent segment problems. Briefly, a typical arthroplastic approach includes replacement of the intervertebral disc with an implant an artificial disc. The artificial disc is a mobile implant for degenerative disc replacement that attempts to lessen the degeneration of the adjacent elements following interbody fusion procedures. Currently, two types of artificial disc, ball-and-socket and mobile core, are in the market. Prospective randomized clinical trials for the ball-and-socket type ProDisc II (Synthes, Inc., Paoli, PA/Spine Solutions, New York, NY) comparing the fusion device and disc arthroplasty under the Food and Drug Administration Investigational Device Exemption showed that this dynamic stabilizer was safe for use and had a good outcome [6] .
Today, a number of finite element (FE) analyses and cadaver studies have attempted to evaluate the adjacent effects for artificial discs or to compare artificial discs with fusion. Goel et al. [7] found that the Charité slightly increased motion and facet loading at the implanted level compared to adjacent segments, while loadings at the adjacent levels decreased with use of a hybrid method. In the study of Grauer et al. [8] a finite element model of a L3-S1 segment was used to compare the biomechanical effects of the Charite' artificial disc (ChD) placed at two lower levels (2LChD model) with L5-S1 fusion using a cage (CG) and a pedicle screw system plus L4-L5 level ChD placement combination (CGChD). The changes at L3-L4 level for both of the cases were of similar magnitude (approximately 25%), although in the CGChD model it increased and in the 2LChD model it decreased. The changes in motion at the L4-L5 level were large for the CGChD model as compared with the 2LChD model predictions (approximately 70% increase vs. 10% increase). The biomechanics of the lumbar spine treated either by fusion or total disc replacement (TDR) under severe loading conditions was compared by Denoziere and Ku [9] using a L3-L5 model. Rohlmann et al. [10] also found the importance of artificial disc position. Using a L1-L5 model, they examined how the mechanical behavior of the lumbar spine is affected by the height and position of a ProDisc prosthesis. Chen et al [11] compared inserting the ProDisc II (ADR) with bilateral posterior lumbar interbody fusion (PLIF) cages with a pedicle screw fixation system in L3-L4 level. The success of this arthroplastic approach depends on the restoration of the mechanical function of intervertebral disc. Thus, it is valuable to study the mechanical performance of the artificial disc after implanting into the spine [5] . This is not a simple undertaking as it is difficult to directly measure mechanical behavior of the disc and the implanted device in vivo. Although in vitro studies mimicking in vivo situations could be helpful, it is difficult to control key variables of specimen properties, and thus the application of in vitro experimental methods is limited [12] .
For this reason, finite element modeling of in vivo clinical situations is particularly useful. Furthermore, experimental methods have typically been limited to assaying gross vertebral body motions, annular bulges, and intradiscal pressure increases. Alternatively, model analyses of the disc can provide details of behavior not easily measured, such as entire stress and strain fields. In principle, they also lend themselves readily to parametric studies, so that the influences of geometry and material property variations on behavior can be gauged [5] . In the previous studies, the focus was on the investigation and examination of in-market artificial discs. While, in this study, the focus is on designing an optimized artificial disc capable of mimicking intact disc behavior under physiologic loading. Since the L3-L4 and L4-L5 intervertebral discs are commonly associated with low back pain, a three-dimensional (3-D) nonlinear finite element model (FEM) of the L3-L4 disc was constructed and used to determine the mechanical behavior of artificial intervertebral disc [5] . Specifically, we analyzed material properties that are required for the elastic artificial disc, such as the modulus of elasticity and Poisson's ratio and also the mechanical behavior of implanted disc under different loading conditions. Optimization was done by linking MATLAB software with ABAQUS software.
II. METHODS AND MATERIALS

A. Geometry
Recent advances in computing technologies both in terms of hardware and software have helped in the advancement of CAD in applications beyond that of traditional design and analysis. CAD is now being used extensively in biomedical engineering in applications ranging from clinical medicine, customized medical implant design to tissue engineering. This has largely been made possible due to developments made in imaging technologies and reverse engineering techniques supported equally by both hardware and software technology advancements [13] .
The primary imaging modalities that are made use of in different applications include, computed tomography (CT), magnetic resonance imaging (MRI), optical microscopy, micro CT, etc. each with its own advantages and limitations. The geometrical representation of the model was obtained using thin slice (1mm) Computed Tomography (CT) images. Acquired data from the lumbar region (L3-L4) were imported into image processing software Amira 4.1 (Visage Imaging, United States) for segmentation.
Using this CT scan, a 3-D finite element model was generated via modeling software ABAQUS (ABAQUS 2009, version 7.2) consisting of vertebra-disc-vertebra unit using a CAD station (Fig 1) . This existing model of the L3-L4 motion segment was then modified to include the annulus fibers and material properties. All collagen fibers were simulated by two node link elements with resistance tension only, and they were arranged in the anatomical direction given by the textbook [14] .The fibers were modeled using Abaqus Command by writing Input File. Other parts were modeled using Abaqus CAE.
To model the artificial disc, the disc nucleus was replaced by an elastic material and all annulus layers were also replaced by another elastic material. Apart from the mechanical properties, the structure and shape of two parts were assumed to remain unchanged. This was done to highlight the role of mechanical properties on disc biomechanical behavior. In addition to appropriate material properties, we analyzed the mechanical behavior of implanted disc under different physiologic loads.
B. Meshing
The vertebral bodies and the intervertebral discs were meshed using the mapped mesh approach. 3D, isotropic, 8-noded solid/brick elements were used in the modelling of the cortical shell, trabecular core, bony and cartilaginous end-plates, and the annulus matrix of the intervertebral disc. The thickness of the cortical shell varied for each vertebral body and was set to range from 1.5 to 2 mm. These values were based on the CT scan measurements.
A combination of element types was used for the intervertebral disc. The annulus fibrosus was defined by four radial layers and modeled as a composite material consisting of fibers embedded in a ground substance [15] . For the fibers, 3D truss elements were aligned in layers to form a criss-cross pattern placed at an average angle of ±30° to the horizontal plane of the disc. The nucleus pulposus was simulated as an incompressible material and represented by 8-noded hydrostatic fluid elements with a Poisson's ratio close to 0.5. The ground substance of the annulus fibrosus (the annulus matrix) was represented by 8-noded solid/brick elements. The model consists of 11,368 volume elements, about 450 hydrostatic fluid elements and 105 spring elements and has nearly 75,000 degrees of freedom.
C. Material Properties
The nucleus pulposus (NP) is a gelatinous fluid filled cavity inside the annulus fibrosus (AF). The annulus fibrosus (AF) was modeled as a matrix of homogeneous ground substance reinforced by AF fibers. The fibers were assumed to take up 38 percent of the AF volume [5] , and [16] . The material properties used in the numerical simulations are listed in Table 2 . These properties were previously determined experimentally and were shown to predict well the mechanical behavior of the disc. The model of the artificial disc was achieved by replacing NP with solid elements and all AF layers with solid elements which have elastic properties. 
D. Boundary Conditions
The lumbar L3-L4 intervertebral disc was loaded with forces and moments, applied to the center of the mass of the L3 top surface, whereas the L4 was fixed at the bottom in all directions so that permitted free rotation in three principal axes but the translation in all three axes was constrained. Three loading conditions were considered: the axial compression, the torsional rotation in the sagittal plane and the lateral bending.
Axial compression was modeled by applying a concentrated force to a reference point above center of mass in which the top surface of L3 is coupled to. The lumbar disc was subjected to axial torque by applied rotation moment to the L3 top surface. A lateral bending moment was applied to the L3 top surface such that the moment is around longitudinal axis (y-axis). Fig 2 schematically depicts the loading conditions.
The mechanical performance of the artificial disc after implantation was evaluated and the results were compared to the response of a normal disc.
III. MODEL VALIDATION
A simulation model of the lumbar spine is a powerful tool to predict biomechanics performance, and to design orthopedic implants. This can be done without using costly and time consuming cadaveric biomechanics tests. Some examples include total disc replacements, interbody fusion devices, pedicle screw and rod systems, and interspinous spacers. The model must be validated according to actual biomechanics data to have confidence in predictability.
Biomechanics testing of the spine is currently used to evaluate the performance of spine implants such as total disc replacements and fusion systems. This is typically done by applying loads such as compression and moments to multi-segmental spine or a functional spinal unit (FSU). The intact condition is tested first, and then the spine is instrumented with implants and tested again [17] .
To illustrate the capabilities of the model and validate its physiological similarity, the FEM is subjected to three physiological loads; axial compression, axial torsion, and lateral bending. After validating the finite element model, the same loading conditions are applied to the unit motion segment with implanted device to optimize the device mechanical properties (Young's modulus and Poisson's ration). Root mean square errors and the maximum absolute errors were computed between model predictions and available literature (experimental or model) data.
A. Compression
The accuracy of the FEM was evaluated by subjecting a normal disc to a physiological compressive load of 400N. The model predicted a vertical displacement (reduction in height) of 0.49 mm under compressive load of 400N, which is in good agreement with published experimental results of 0.51mm with a standard deviation of 0.24mm. For the same applied compressive load, the model predicted an intradiscal pressure of 0.320MPa. This predictions fall within the measured range of experimental values from 0.203 to 0.430MPa. The model also predicted a radial outward bulge of 0.21mm.This value once again agrees well with that experimentally measured 0.42±0.25mm [5] , [18] .
B. Torsion
A model study of the lumbar disc subjected to axial torque is also important, as it will help correlate the type and magnitude of loads with the degenerative process and failure of the disc. A torsional rotation of 5Nm was also applied. The model predicted an end rotation of 1.48o.
Since an axial rotation of 1.83o with a standard deviation of 0.44o has been reported in response to a 5Nm torque in previous experimental measurements [5] , the model predictions fall within the measured range.
C. Bending
A lateral bending moment of 5Nm around longitudinal axis (y-axis) was applied to the upper surface of L4 vertebra. In a previous study, it was reported that lumbar intervertebral discs had a mean endplate tilt of 2.8 o in response to a 5Nm moment [5] , [19] . The model predicted an endplate tilt of 2.5 o for the normal disc. 
IV. OPTIMIZATION OF THE MODEL
Optimization was done via MATLAB 2010.a for 4 parameters Ea, ua, En, un indicating young modulus and Poisson's ratio of central part (NP) and peripheral part (AF), respectively. ABAQUS, by giving graphical FEM in the form of input file, was linked to MATLAB. To suggest ideal material properties for the implant, the effect of the variation of the modulus and Poisson's ratios on several parameters such as vertical displacement, axial rotation at the sagittal cross section, disc tilt, and disc bulge were evaluated.
We got the optimized mechanical properties through 1097 variations of parameters. In all these 1097 cases, we determined disc behavior [21] . According to the minimum error for mimicking intact disc behavior, the corresponding parameters were chosen as optimized ones (Table2). 
V. RESULTS
The minimum error in each case and the corresponding elastic parameters is calculated. In compression, the optimum value for Ea was calculated 5.1MPa which is very close to AF ground substance modulus (4.2MPa), because annular fibers have no resistance in compression and in this loading condition, it seems as there were no fibers. But, in torsion and lateral bending that some of the fibers are in tension, Ea got a higher value depending on the amount of fibers being tensioned.
The variation of the axial rotation at the sagittal cross section on the top level of the artificial disc was calculated as a function of arthroplastic implant modulus: these results are shown in Fig. 3, 4 . It should be noted that the model predicted an axial rotation of -2.606e-02 rad (1.49 degree) for the artificial disc, when the modulus of implanted device was selected from the range 29.5-30.5MPa for peripheral part and 1-1.3MPa for central part. Such high value for Ea, however, is not acceptable under compression as was shown before. The difference in axial rotation between intact and arthroplastic disc in the means of Poisson s ratio of both parts of artificial disc is depicted in Figs 5 and 6 [22] . These graphs and calculations are done for each parameter in each loading condition. With regard to the results of model validation and artificial disc behavior under the loading condition, and the graphs showing the difference between intact and artificial disc, appropriate values for the parameters corresponding to the least difference are determined.
Artificial disc should mimic intact disc behavior in all loading conditions such as compression, torsion, bending and even shear. To achieve this goal, the optimum parameters calculated in each case of loading are tested in other loading conditions to determine errors in other loading conditions. By RMS method optimum elastic properties for artificial disc and so the minimum error for all loading conditions are determined.
The results predicted elastic modulus and Poisson's ratio of 19.1 MPa, 0.32, 1.24 MPa and 0.475 for peripheral and central part, respectively. Table 3 shows the behavior of optimized artificial disc under three loading conditions. In compression, artificial disc predicts less reduction in height and outward bulge. If an artificial disc shows more outward bulge in compression to the same compression load, this may press the peripheral nerves and cause pain.
Because the optimum value determined for Ea is more than Young modulus of annulus ground substance (considering little effect of fibers in compression). In lateral bending, one side of the disc is in tension and the other side is in compression. The compression side has a low young modulus, although the tension side has a high one because of tensioned fibers. Axial rotation of artificial disc is more than intact disc which gives wider range of motion and Ea was determined about 30MPa. But to minimize errors in three loading conditions, Young modulus for Ea was determined 19.1MPa. By lowering the modulus, the displacement grows. The finite element method can be a powerful tool in the field of spinal research. It allows us to repeat experiment, to change parameters, thus analyze the influence of a single component within the construct investigated. It is useful in analyzing stress patterns of lumbar, also leading to an optimal design of the surgeon [23] . It does, however, not mean that biomechanical in vitro approaches should be replaced by such a model.
The current finite element model also has limitations, even if its modeling is based on the characteristic of physiological material and the geometric shape of lumbar. The anatomic structure of spine is complicated, and such properties of the small articulation as friction coefficient were not very clear. So all the material parameters adopted for the model were simplified or based on hypothesis on some degree. For example all solid components including cortical and cancellous bone, annulus ground substance were simulated as linear, isotropic material properties. It is a simplified model. In the future study, more nonlinear material will be modeled.
A three-dimensional finite element model of L3-L4 motion segment was modeled. The model was checked for sensitivity to the input parameter values and found to give reasonable behavior. The finite element model displacement predictions under different loads were consistent with experimental results, thus validating the model. We calculated the minimum error in displacement for each loading condition and so the corresponding elastic parameters.
In this study, elastic properties of an artificial disc were such optimized that an implant with the aforementioned mechanical properties can mimic intact disc mechanical behavior with errors less than tenth of millimeter in compression, and thousand of radian in torsion and bending.
To further simulate the realistic situation, future investigations could extend current model to a full lumbar spine model, and also include ligaments and facet joints in the model. Since muscles are known to exert large forces on the spine, a model could be constructed to incorporate muscle force effects and study the role of the muscles in modifying vertebral body motion, disc bulge, intradiscal pressure, facet loading and ligament tension.
The results from this computational model could be used for the assessment of the biomechanical compatibility; to select the most suitable material of the device; and consequently cure disc degenerative disease and low back pain whose most cause is disc degenerated disease. these two softwares, and express their appreciation to Dr. Kobravi, and Dr. Tabatabai for their helpful comments and suggestions.
